Bioaerosols, ubiquitous in ambient air, are released in elevated concentrations from composting facilities with open-air processing areas. However, spatial and temporal variability of bioaerosols, particularly in relation to meteorology, is not well understood. Here we model relative concentrations of Aspergillus fumigatus at each postcode-weighted centroid within 4 km of 217 composting facilities in England between 2005 and 2014. Facilities were geocoded with the aid of satellite imagery. Data from existing bioaerosol modelling literature were used to build emission profiles in ADMS. Variation in input parameters between each modelled facility was reduced to a minimum. Meteorological data for each composting facility was derived from the nearest SCAIL-Agriculture validated meteorological station. According to our results, modelled exposure risk was driven primarily by wind speed, direction and time-varying emissions factors incorporating seasonal fluctuations in compostable waste. Modelled A.fumigatus concentrations decreased rapidly from the facility boundary and plateaued beyond 1.5-2.0 km. Where multiple composting facilities were within 4 km of each other, complex exposure risk patterns were evident. More long-term bioaerosol monitoring near facilities is needed to help improve exposure estimation and therefore assessment of any health risks to local populations.
Introduction
The European Union Waste Framework Directive (2008/96/EC), transposed into UK law as the Waste (England and Wales) (Amendment) Regulations, 2012, requires the UK and other Member States to recycle 50% of their Waste from Households by 2020 (currently at 45.2% in the UK (Department of Environment, Food and Rural Affairs ((Defra), 2018a)), resulting in a significant increase in waste previously destined for landfill being recycled and composted. Industrial-scale composting, more widespread as a result of the Directive, contributes to elevated emissions of bioaerosols, particularly when compost is agitated (e.g. shredded, turned or screened) (Danneberg, 1997; Taha et al., 2006) . Bioaerosols, sometimes referred to as airborne biological agents, primary biological aerosol particles, and biological air pollution, are ubiquitous in the ambient environment, comprise a complex mixture of bacteria, fungi, pollen, particulate matter and fragments, constituents and by-products of cells, including endotoxin (Pearson et al., 2015) . In occupational settings, bioaerosols have been widely associated with adverse health outcomes, particularly respiratory-related illnesses, such as increased cough, phlegm, frequency of developing a cold, bronchitis, and shortness of breath (Aatamilla et al., 2011; Herr et al., 2003a; Pearson et al., 2015; Searl, 2008) . In the UK, these activities are mostly outdoor and consequently emission and dispersion is difficult to contain and control and thus may reach nearby communities (Douglas et al., 2016a) . Unfortunately, research assessing health impacts on these communities is scarce. A systematic review conducted by Pearson et al. (2015) summarised the evidence from the few available studies, some of which have reported a higher risk of developing respiratory-related illness in communities living near a composting facility (Aatamilla et al., 2011; Herr et al., 2003a and b) . A recent ecological study examined risk of respiratory-related hospital admissions in relation to distance from composting facilities, and found a small non-statistically significant increased risk nearer to the site, using a continuous measure of distance (Douglas et al., 2016a) . However, these studies relied on distance from composting facility as a proxy for bioaerosol exposure, did not account for seasonal effects, wind direction or other local differences between composting facilities, which would have led to some exposure misclassification and may have made associations harder to detect.
Bioaerosol sampling is an important tool to understand the biological composition of emissions from sites and the potential impact of a site on its environment. However, current monitoring regimes are very infrequent and are unlikely to truly represent the variability in emissions and dispersion temporally or spatially. In addition, running a monitoring campaign using currently available instruments and analytical frameworks would be expensive and likely cost prohibitive to many operators.
Dispersion models have the potential to estimate bioaerosol concentrations at high spatial and temporal resolution, and thus provide an improved exposure assignment (Douglas et al., 2017b) . Recent developments include a sensitivity analysis and a model validation study (Douglas et al., 2016b; 2017a) . These studies determined which A. fumigatus modelling inputs are most important when estimating bioaerosol emissions from composting facilities and what model input values resulted in the best fit between modelled outputs and bioaerosol measurement data. Although these studies were conducted using the limited monitoring data available, results suggested that dispersion modelling can be applied to multiple composting facilities to make reasonable predictions of A. fumigatus dispersion resulting from outdoor composting activities.
The aim of this study was to produce the first population exposure estimates, derived using a dispersion model, near all operating large-scale outdoor composting facilities in England between 2005 and 2014 using existing A. fumigatus modelling parameters. We hypothesise that airborne micro-organism dispersion is primarily driven by wind speed and direction, therefore we investigated spatial patterns of A. fumigatus dispersion around each facility (4 km), with specific emphasis on the influence of wind speed and direction on exposure estimates.
Materials and methods

Study area, facility selection and geocoding
In England, composting facilities require a permit to operate if they store or treat >60 tonnes of compost at any one time (Defra, 2014) . All permitted composting facilities in England operating between 2005 and 2014 were included in the study using information provided by, and data interpretation discussed with, the Environment Agency (EA). The data included permit number, operator, permitted throughput of waste, composting activity type (e.g. open windrow, in-vessel etc.) , facility address and a grid reference (8 digit British national grid reference) for 313 facilities that had a valid permit to operate at the end of 2014. The date a composting facility obtained a permit to operate was the assumed operational start date. The data contained no information on closing date, so it was assumed that once opened, the facility did not close. Only facilities that had an outdoor composting component (i.e. open windrow facilities, or enclosed facilities with an outdoor composting element), were included, as per Douglas et al. (2016a) . National grid references and facility addresses were used to accurately locate facilities using aerial maps in Google Earth Pro (Douglas et al., 2016a) . Outdoor composting areas were geocoded by tracing the perimeter of the outdoor composting activity areas: 217 facilities were geocoded; 96 facilities were excluded either because they did not contain an outdoor component, were duplicated, or it was not possible to locate the facility based on the information provided. Of the geocoded facilities, 152 (70%) were fully open windrow facilities, of which 53 were assumed operational during the entire study period. 65 (30%) of the geocoded facilities were outdoor elements of a facility with an in-vessel composting component, of which 13 were assumed operational during the entire study period (Fig. 1) .
Postcodes within 4 km radius of each geocoded composting facility were studied. Douglas et al. (2016a) noted that bioaerosol concentrations were likely to reach background concentrations by $2.5 km; however, wind speed and direction were not included in their analysis as their study focussed on exposure by distance only and not the influence of wind speed and direction. Consequently, the radius in this study was increased to 4 km to capture the impact of including these parameters on dispersion.
Dispersion modelling
Modelling was undertaken using Atmospheric Dispersion Modelling System (ADMS) (Version 5.1) as it has been extensively used and is considered, at present, to be the most appropriate tool to assess bioaerosol dispersion from composting facilities (Douglas et al., 2017b) . Modelling focussed on A. fumigatus, a pathogenic thermophilic filamentous fungi which is; (i) associated with the onset of, or exacerbations of, many diseases (Klich, 2009 ); (ii) is known to often be in elevated concentrations during specific activities at composting facilities (Pankhurst et al., 2011) ; (iii) is included in the EA's position statement on acceptable levels from composting (Defra, 2018b); (iv) is widely monitored at composting facilities (Pearson et al. 2015) .
ADMS source parameters
A source height of 3 m, a pollutant exit velocity of 2.95 m s
À1
and pollutant temperature of 29°C, found to be optimal model inputs in a recent dispersion model validation study (Douglas et al., 2016b) , was assumed for every composting facility. Emissions from composting facilities were represented in ADMS as area sources, as considered appropriate in Douglas (2016b) based on the geocoded perimeter described in Section 2.1. ADMS requires all polygons to be convex (CERC, 2016) , however 81 (out of 217) composting facilities included concave boundaries. As a result, these were manually adjusted using ArcMap version 10.4 to remove concavity, consequently increasing the area of 81 facilities. The change in area ranged from 2% to 176% whilst, on average it increased by 21.6%.
ADMS pollutant parameters and emission rate
A. fumigatus cells collected from compost sources were measured as <2 mm by Tamer-Vestlund et al. (2014) and considered to be 2-3 mm by Williams et al. (2013) . Consequently, PM 2.5 was considered an appropriate proxy for modelling purposes. Bioaerosol concentrations are commonly derived by using culture-based analytical methods, resulting in concentrations reported with units of Colony Forming Units per cubic metre (CFU m À3 ); however ADMS (among other models) does not have the option to model concentrations in these units. In line with Douglas et al. (2017a) and Stocker et al. (2015) , a direct conversion to g m À3 (i.e.
1 CFU m À3 = 1 g m
À3
) was used instead. Time varying emission factors (TVEF) were added to reflect daily and seasonal variability in bioaerosol emission rates dispersion based on facility activity. To reflect daily variability, an emission rate of 9 Â 10 6 g m À2 s À1 was used for operational periods (assumed to be 8 am and 5 pm from Monday to Friday), as per (Douglas et al., 2017a) ; and an emission rate of 11 Â 10 3 g m À2 s
À1
for dormant hours (the rest of the time), based on Taha et al. (2006) . To reflect seasonal variability, monthly variations were developed using monthly recycling statistics on composting tonnage obtained from Defra (Defra, 2015 (Defra, , 2016 (Defra, , 2017 , which were offset by a month to account for retention of waste on site.
ADMS meteorological inputs
As a minimum, ADMS requires wind speed, wind direction, the Julian day number, time of day and cloud cover (wind speed, wind direction and sensible heat flux, or reciprocal of Monin-Obukhov length may also be used) (CERC, 2016) . Data were obtained from nine meteorological stations across England assigned to each composting facility based on their proximity. The approach followed was as used in the Simple Calculation of Atmospheric Impact Limits agriculture (SCAIL-Agriculture) screening tool (SCAIL, 2018) and prompted by the lack of on-site meteorological stations. SCAILAgriculture statistically-selects meteorological data that is representative of the weather in that area (Hill et al., 2014) . The nine meteorological stations used were Boulmer, Church Fenton, Coleshill, Crosby, Heathrow, Isle of Portland, Lyneham, Marham and Spadeadam (Fig. 2) .
In this study, rainfall was not considered as a meteorological variable as; (i) the impact of rainfall on bioaerosols emitted from composting facilities is unknown; and (ii) we are unable to validate the effects of rainfall as current established bioaerosol monitoring techniques (set out in the M9 Technical Guidance note (Monitoring M9): Environmental modelling of bioaerosols at regulated facilities, (EA, 2017)), forbids samples to be taken in wet weather conditions.
Daily Meteorological data from each meteorological station were downloaded for the entire study period from the Centre for Environmental Data Archival (CEDA) (CEDA, 2017) in surface synoptic observations (SYNOP) format. Data were cleaned and transformed into the correct format for ADMS. Data from Boulmer and Church Fenton meteorological stations were missing for the last 19 and 377 days of the 2014 respectively, and therefore data from the next nearest meteorological station (Albemarle for Boulmer and Dishforth for Church Fenton) was used for these periods. To assess comparability, Spearman's correlations of data from the original and replacement stations were conducted.
Urban facilities were assigned a surface roughness of 1 m and rural areas were assigned a surface roughness of 0.3 m, representing pre-defined surface roughness values based on land use within ADMS (a surface roughness of 1 m representing cities and woodland areas, and a surface roughness value of 0.3 m representing agricultural areas) (CERC, 2016) . 171 facilities were classed as rural, and 46 as urban, using the 2011 Office for National Statistics (ONS) urban-rural classification for the census output area (COA) that ach respective composting facility was located within. Three composting facilities fell within two COAs with different ruralurban classifications. In this case, the study team made an informed decision based on the land-use around the facility as observed from aerial maps.
ADMS pollutant prediction area
ADMS was set up to produce bioaerosol concentration estimates at residential postcodes (average 12 households per postcode), whose area centroid was within 4 km of a geocoded composting facility. This exposure assessment was designed with a small area epidemiological study in mind and consequently, estimated concentrations were modelled at postcode, not across a grid or at address level. The X-and Y-coordinates of geometric postcode centroids were obtained from ONS. As X-and Y-coordinates of postcodes may change over time, data were extracted on a yearly basis for the 2005-2014 study period. Any duplicates (i.e. repeats of postcodes with the same X-and Y-coordinates) were removed. Remaining postcodes were imported into a Geographical Information System (ArcMap version 10.2, ESRI Inc.), and cropped so that only postcodes within 4 km of the 217 composting facilities included in the study remained.
ADMS advanced inputs
ADMS features advanced inputs to account for pollutant dispersion in complex terrain, or around buildings. It was not practical to include the effects of buildings or complex terrain within ADMS, as the study area was large (217 facilities, 4 km around each). Instead, surface roughness was altered to represent effects on pollutant turbulence and dispersion (see Section 2.2.3).
ADMS model outputs
ADMS outputs were presented as short term hourly sequential, enabling an estimated daily A. fumigatus concentration in g m À3 at each postcode included in the study area to be calculated (see Section 2.2.4). Table 1 summarizes the main characteristics of the study area, overall and stratified by the meteorological station the composting facilities were assigned to. Overall, the study covered a total surface area of 10,908 km 2 , the study area was mostly rural (79.5%), and included 204,428 postcodes in England. Of all the included postcodes, 11,931 (5.8%) fell within 4 km of more than one composting facility (i.e. overlapping areas). The number of composting facilities assigned to each meteorological station ranged from a minimum of 4 around Spadeadam to a maximum of 47 around Heathrow.
Results
Study area
Meteorology
As shown in Table 2 , the mean temperature across the entire study period and area was 10.1°C. In general, temperatures in July, August and September were double those recorded between October and March. The mean wind speed was 4.9 m s À1 and did not show much variability across the meteorological stations except for Coleshill and Isle of Portland which showed especially low (2.5 m s
À1
) and high (7.2 m s
) wind speed, respectively. The predominant wind direction was from South/South-West, with the exception of the Isle of Portland with winds primarily from the East. * Percentage of the total modelled postcodes (unique postcodes over study period only, duplicates excluded). ** Postcodes that are within 4 km of more than one included composting sites. *** As defined by ONS rural/urban classification at census output area level for 2011?. **** Rounded to the nearest whole number. * Seasons defined as follows: winter (January-March), spring (April-June), summer (July-September), and autumn (October-December).
Predicted Aspergillus fumigatus concentrations
Across all postcodes included in the study, the mean average modelled concentrations of A. fumigatus (Table 3) , following the direct 1:1 comparison described by Douglas et al. (2017a) . The 5th, 25th, 50th, 75th and 95th percentiles are also provided to illustrate the distribution of the daily average modelled concentrations. Table 3 indicates a large difference in predicted average A. fumigatus concentrations between the 95th percentile and the maximum value. This is likely to reflect the spatial distribution of estimated emissions, that there are a small number of postcodes with extremely high exposure estimates, as the table presents averaged estimated concentrations of all postcodes across the study period. There is variability in bioaerosol concentrations across the nine meteorological stations, which is likely to reflect the influence of meteorological indicators or area roughness on the modelled concentrations. Fig. 3 shows the average daily modelled concentrations for the entire study area and period. The lowest concentrations were recorded between day 30 and day 90 (chiefly February-March), whereas the highest concentrations occurred between days 190 and 210 (July). The clear discontinuity between seasons reflects the assigned TVEFs introduced into ADMS (see Section 2.2.2). Modelled concentrations were also closely related with fluctuations in ambient temperature; where annual average temperatures were higher, bioaerosol concentrations tended to be elevated (Spearman correlation coefficient r = 0.42, p-value <0.005). Fig. 4 shows the average bioaerosol concentration as modelled in each postcode by proximity to the nearest composting facility. Modelled concentrations were very high close to source, depleting rapidly, and then plateaued at approximately 1500-2000 m. ) was used as a proxy for Aspergillus fumigatus (see Section 2.2). ** Postcodes that are within 4 km of more than one composting facility included. Whilst most input parameters remained constant across each facility, meteorological data and TVEFs were variable and resulted in marked differences in the spatial dispersion of bioaerosols between facilities. Dispersion was driven mainly by wind speed and direction (dominant wind direction was SSW). Some postcodes in the highest quintile of modelled concentrations were in the furthest distance band modelled (3-4 km) (Fig. 5) . This suggests that distance bands do not equate well with bioaerosol dispersion.
Temporal variability
Spatial variability
Complex dispersion patterns were observed where the 4 km radii around composting facilities overlapped (Fig. 6) . The contribution of multiple emission sources alters the patterns of dispersion. Consequently, postcodes located downwind of both composting facilities receive a higher concentration. Overall, there were 11,931 postcodes (5.8%) within 4 km of more than one composting facility. Most of the overlaps were concentrated in SE England, more specifically within the meteorological station of Isle of Portland with a cluster of over 26 composting facilities, accounting for over 17% of the affected postcodes. ADMS automatically calculated concentrations in overlapping areas, as the area sources representing each site were entered into a single model run.
Discussion
This study attempted to comprehensively model bioaerosol concentrations due to emissions from composting facilities with open-air processes across an entire country using daily ADMS emissions modelling and selecting A. fumigatus as an indicator of bioaerosol exposure. Given computational challenges, we used well defined time-varying emissions and facility parameters and focussed particularly on the impact of meteorological and seasonal factors on spatial and temporal variability in exposure. This contribution represents the first time a screening assessment of A. fumigatus from composting facilities has been undertaken, on a national scale. Whilst it is recognised that dispersion modelling is a simplification of reality, this paper has used the best available evidence from the A. fumigatus modelling literature to carry out a rapid assessment of A. fumigatus exposure.
Our models predicted highest concentrations in July and lowest in February-March. These fluctuations were driven mainly by the TVEFs, but also by ambient temperature, as bioaerosol concentrations raised with increasing temperatures. Our results also showed that, in keeping with another exposure assessment study of incinerator emissions (Douglas et al., 2017c) , distance bands are poor indicators of areas of highest exposure mainly due to the effect of wind speed and direction on dispersion patterns. This suggests that accounting for meteorological events provides a better estimate of spatial gradient in exposure for use in epidemiological studies compared to using distance from facility as a proxy for exposure, as previously used in Douglas et al. (2016a) . In relation to distance, and in line with data summarised in Pearson et al., 2015, our model suggest that concentrations of bioaerosols drop rapidly with distance, reaching background levels at approximately 2 km downwind. In addition, we found that exposure patterns become more complex when multiple facilities are present in close geographical proximities to each other (Fig. 5) . Therefore, regulators should consider the presence of other anthropogenic sources of bioaerosols (e.g. intensive farming and sewage treatment facilities etc.) when assessing bioaerosol risk. Failure to account for these may lead to an underestimation of potential health hazards.
The range of the modelled concentrations, are within that reported in other studies. For example, Millner et al. (1980) 
Strengths and limitations
Dispersion modelling is a simplification of reality. ADMS, a well-validated and widely used dispersion model, was used in this study. Model errors were reduced as much as possible by utilising the best available evidence from the modelling literature (Taha et al., 2007; Douglas, 2017a) . However, there are several limitations when modelling bioaerosol emissions from composting facilities, as previously discussed in Douglas et al. (2017b) and detailed below. Consequently, resultant predicted concentrations should not be considered as quantitative but as a qualitative estimate of bioaerosol exposure, and viewed as a screening approach of relative risk associated with proximity to composting facilities. The model presented herein allows for an assessment of the impact of meteorological data on space-time patterns of bioaerosol concentrations, providing a more comprehensive assessment of bioaerosol exposure than distance from site as an exposure proxy, as used in previous studies (Aatamilla et al., 2011; Douglas et al., 2016a; Herr et al., 2003b) . An assessment of model performance was attempted using an existing dataset (Williams et al., 2013) , however these data were considered unsuitable because of (i) a very small number of samples, (ii) inconsistent length of sampling durations, and (iii) frequent relocation of samplers with wind direction.
Study area, facility selection and geocoding
A major strength of this model is that it was conducted at the national level, including all permitted composting facilities in England which had an outdoor composting component and that were identifiable in the geocoding process; a similar approach was adopted in Douglas et al. (2016a) . Composting site information were obtained from permit data provided by the EA of composting facilities with valid permits to operate in 2014. The permit issue date was considered the operational start and facilities were assumed to remain operational for the rest of the study period, as per Douglas et al. (2016a) .
Source parameters, pollutant parameters and emission rate
A. fumigatus is the most commonly enumerated airborne microorganism species and frequently included in bioaerosol modelling and monitoring exercises (Domingo et al., 2015; Deacon et al., 2009; Douglas et al., 2017a) . Despite this, the pollutant parameters and its dispersion properties are not well understood. For example, whilst the direct conversion of CFU m À3 to g m À3 is recommended in the literature (Douglas et al., 2017a; Stocker et al., 2015) it may not be representative of A. fumigatus, as CFU is a count of the presence, or lack thereof, of colonies and not their mass or size. To account for daily and seasonal fluctuations in emission rates, TVEFs were included, allowing more nuanced modelling of bioaerosols year-round. However, more information is needed to develop these to reflect the wide variation across composting facilities, as each facility will have different characteristics (feedstocks, tonnage of waste handled, management practises, operational hours etc.) that may influence these. Determination of variations in facilityspecific data were beyond the scope of this study. These assumptions in the emission rates and their daily and seasonal fluctuations are likely to have introduced some errors in dispersion concentrations. Despite this limitation, the spatial dispersion patterns described by our model should represent a reasonable approximation of reality and consequently, are adequate for use in epidemiological studies as a screening tool providing that resultant estimated concentrations are used as a qualitative measure of bioaerosol exposure.
Every care was taken to ensure that site boundaries identified using Google Earth Pro were delineated accurately. The geometry of composting facilities and the location of site activities may change over time from that identified in this study as sites expand and contract both seasonally and annually. Sites without wholly convex boundaries required adjustment to allow for their modelling, introducing an increase in area at affected sites and consequently a likely increase in modelled concentrations at respective postcode centroids. Whilst absolute concentrations are likely to increase, the spatial dispersion pattern will be largely unaffected as wind speed and direction are the primary drivers.
Meteorological data
Meteorological data from nine meteorological stations used in the SNIFFER study (Hill et al., 2014) were used in this study. Whilst this approach does not take into account local changes in meteorology at every composting facility, it does account for regional variations and is more robust than assuming a single, national prevailing wind direction or discounting meteorological conditions completely. Some data from two meteorological stations were missing (Boulmer and Church Fenton), and were replaced with data from the next nearest meteorological station with complete data (Albemarle and Dishforth respectively). A similar approach was adopted in a recent study estimating particulate exposure from municipal waste incinerators, whereby missing cloud cover was obtained from the nearest meteorological station (Douglas et al., 2017c) To assess comparability, Spearman's correlations of data from the original and replacement stations were conducted, and was found to be well correlated (Spearman's r = 0.558-0.989, p < 0.001).
Rainfall was not included in the study. If it had been included, predicted concentrations would have decreased according to the pollutant's respective washout coefficient. However, this may not truly account for the impact of rainfall on A. fumigatus release. For example, Rathnayake et al. (2017) found that fungal spore tracers peaked in concentration following spring rain events. However the impacts of rainfall on bioaerosol emissions from composting facilities is not well understood, and difficult to measure with current established sampling methods and therefore further investigation is required.
Pollution prediction area
ADMS is capable of predicting concentrations at finer spatial resolutions (e.g. grid or address level), at the user's discretion. In this study, modelled concentrations were predicted at postcode centroids within 4 km of each composting facility. The aim of this study was to produce exposure estimates at population level; postcodes were chosen as this reflects the finest spatial resolution that routine population health data are available (e.g. hospital episode statistics) (Health and Social Care information Centre, 2013). The dispersion modelling results from this study will be used in an epidemiological study assessing the associations between bioaerosol emissions from composting facilities and respiratory health effects.
Impact and policy implications
At present, in England the EA take a precautionary approach to composting facility regulation in terms of bioaerosol emissions (Defra 2018b). Permitted facilities need to demonstrate that acceptable levels of bioaerosols above upwind background concentrations are maintained at 250 m or at the nearest sensitive receptor (such as a dwelling) (Defra, 2018b) . Acceptable levels are 300, 1000, and 500 colony forming units per metre cubed (CFU m À3 ) above background concentrations for gram-negative bacteria, total mesophilic bacteria, and A. fumigatus respectively, measured following the M9 sampling guidelines (EA, 2017) . Established bioaerosol measurement methods (i.e. those suggested in the M9 guidance) are expensive, laborious and provide only a spatial and temporal snapshot of bioaerosol concentrations (Douglas et al., 2017b) . This study presents the first steps towards developing a screening tool, using dispersion models to provide a cheaper and quicker risk assessment method. If further developed and tested, this could be used in the permitting process as a means to assess bioaerosol risk, alleviating some of the cost burden to facility managers.
However, more work is needed on long-term bioaerosol monitoring around facilities to help further develop modelling approaches. This approach potentially provides a pathway for the inexpensive assessment of bioaerosol dispersion on a facilityspecific basis and, where risks are suspected, targeted periods in which monitoring can be undertaken to assess actual concentrations of bioaerosols. This could also provide a tool for facility managers to implement mitigation methods to reduce emissions on days where estimated bioaerosol concentrations in nearby communities are higher. The EA's Bioaerosol Monitoring Technical Guidance Note (M9) could be updated to incorporate such an approach, helping both facility operators and regulators manage and assess bioaerosol dispersion on a flexible and yet defined basis. Furthermore, this approach can provide the basis of standardising the modelling of bioaerosols, providing a platform and rigorous framework for the ongoing development of the bioaerosol modelling field.
Further considerations
This contribution provides a valuable first step in the screening of exposure risk associated with composting facilities. Future studies following this approach should consider (i) incorporating facility-specific meteorological data, (ii) geo-locating specific onsite activities at each facility, (iii) determining facility-specific opening hours, on-site waste statistics, and management practices, and (iv) incorporating facility-specific surface roughness. For the improvement of bioaerosol modelling generally, the following additional challenges should be addressed; (v) improving the understanding between CFU and mass, and (vi) developing robust high resolution bioaerosol monitoring protocols for the assessment of model performance.
Conclusions
This is the first time that a population exposure model for largescale outdoor composting facilities has ever been attempted nationally. We have used ADMS to predict bioaerosol concentrations at postcode centroids within 4 km of 217 composting facilities in England between 2005 and 2014. We found that:
The highest estimated bioaerosol concentrations were found in July, and lowest in February and March, which reflect TVEFs and ambient temperatures; Bioaerosol concentrations deplete rapidly with distance, reaching background levels at approximately 2 km; Dispersion patterns were mainly driven by wind speed and direction, emphasising the limitations of using distance from facility as a proxy for bioaerosol exposure, as previously used in community health studies; and Complex dispersion patters were observed in overlapping areas, highlighting the importance of considering all bioaerosol sources when assessing health risks.
The limitations set out in this study demonstrate that bioaerosol dispersion is still not sufficiently understood. In particular, more monitoring datasets are needed in formats conducive to modelling applications.
